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INTRODUCTION
The virtual dipole moment’s (VDM) distribution
[31] in particular past epochs is one of the most impor
tant charcateristics of the temporal variations in the
Earth’s magnetic field. The VDM values derived from
the analysis of the rock’s geomagnetism reflect the
magnetic geodynamo activity in the geological past.
The Thelliers [2], who proposed a method for
determining all three components of the geomagnetic
field (the declination, inclination, and intensity) by
comparing the behavior of the natural and artificial
remanent magnetization under heating and cooling of
the same sample, contributed much to the study of the
magnetic field variations in the geological past. They
developed methods of exact orientation and sampling
of rocks in natural conditions; in addition, equipment
of the induction type for measuring the remanent
magnetization in any samples was also designed in
their laboratory.
Using the Thelliers’ method [2] and subsequent
techniques [15, 30], the researchers obtained data on
the temporal behavior of the Earth’s magnetic field
dipole component, which point to its substantial vari
ations through the Proterozoic and Phanerozoic eons
[4–9, 16, 17, 26, 29, 33, 35, 37–45, and others]. The
significant scatter of the individual VDM values lim
ited until recently the possibilities of their interpreta
tion allowing only some regularities to be defined at
the qualitative level. Previously, we proposed a general
methodical approach to the processing of the VDM
data for the last 160 Ma [5], the last 400 Ma [6], and
the entire Phanerozoic Eon (the last 570 Ma). The
application of the quantitative approach formulated in
[5] and developed in [6, 7] for the analysis of such reg
ularities in the Proterozoic–Phanerozoic eons (the
last 2500 Ma) is the purpose of this work. 
MATERIALS
For the analysis of the temporal VDM variations,
an international database (the IAGA Paleointensity
Data Base) was recently developed; it is available at the
website of the Geophysical Data Center in Boulder
Colorado in the United States [27]. The database was
subsequently updated [11, 12], and, by the beginning
of 2011, it numbered >2900 VDM values from over
270 published sources for the Proterozoic–Phanero
zoic, the lower boundary of which is defined at 2500 Ma
[19]. This international database, combined with
additional information stored at the database of the
Borok Observatory [14] and data from [10, 13, 18, 22–
26, 28, 32, 34, 36], served as the basis for this work.
The updated database used in this work includes 3384
VDM values and corresponding geochronological
dates. All the ages of the stratigraphic units used in this
work are grounded by the most advanced version of the
geochronological scale [19]. 
The qualitative analysis of the data reveals that the
values of the earth’s magnetic dipole moment were
variable through time. At the same time, the quantita
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tive analysis of the qualitative regularities was ham
pered by the significant scatter of the real individual
VDM values (Fig. 1). 
Among other interpretation approaches, the
method of a moving average makes it possible to
smooth the spontaneous fluctuations of the data used.
This method was selected as being the main one.
Many estimates [5–7] demonstrate that the interval of
10 Ma represents the most optimal window for averag
ing the available data for the last 400 Ma, while the
optimal moving step is equal to 5 Ma. This window
size is also used for the period of 400 to 580 Ma.
Unfortunately, such a window size is unacceptable for
the Proterozoic, where the quantity of the calculated
points appears to be considerably lower and requires
an enlarged averaging window. Our estimates show
that the interval of 200 Ma may be accepted as being
optimal for the averaging window.
For the Phanerozoic–Proterozoic eons, the maxi
mal number of points used in this analysis is character
istic of the intervals of 0.0–0.2 Ga (2833 points), 0.1–
0.3 Ga (474 points), 0.2–0.4 Ga (353 points), 0.3–0.5 Ga
(172 points), 1.0–1.2 Ga (51 points), and 1.1–1.3 Ga
(45 points). In other intervals, their number never
exceeds 40 points. Moreover, the intervals of 0.4–0.8,
1.4–1.7, 1.8–2.0, and 2.2–2.4 Ga are characterized
by <10 points.
In all the cases, we used the average VDM values
and their standard deviations in the averaging interval.
These values were correlated with the average values of
the ages determined in the same averaging intervals. The
distribution mode of the standard deviations of the ages
from the average values corresponds to the interval of
±7–8 Ma. There are three values exceeding ± 15 Ma in
the intervals of 0.4–0.6, 1.4–1.6, and 1.8–2.0 Ga. The
distribution mode of the standard VDM deviations
from the average values corresponds to the interval of
±0.6–0.7 × 1022 Am2 Ma. At the same time, there are
three values exceeding ±1 × 1022 Am2 in the intervals
of 0.5–0.7, 1.4–1.6, and 2.2–2.4 Ga. 
RESULTS
Figure 2 illustrates the distribution of the average
VDM values for the interval of 0–2.5 Ga in the win
dow of 200 Ma with a shift of 100 Ma. The ages that
correspond to their average values in the averaging
window are given along the horizontal axis. The verti
cal and horizontal bars designate the standard devia
tions, which represent a measure of the scatter of the













Fig. 1. The temporal distribution of the VDM values
(1022 Am2) derived from the updated data base used in this
work.
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VDM distribution for the Paleozoic–Phanerozoic 
in the window of 200 Ma with the shift of 100 Ma
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Fig. 2. The VDM distribution (1022 Am2) in the period of
0–2500 Ma (a) and the number of calculation points (b).
The values are calculated by the method of a moving aver
age in a window of 200 Ma with a step of 100 Ma. The plot
shows the linear approximation of the values and reflects
the growth of the dipole component value for the earth’s
magnetic field toward the recent times. The right vertical
axis indicates the VDM values recalculated into the equa
torial intensity of the paleomagnetic field in erstheds. The
vertical and horizontal bars show the representativeness
errors, i.e., the standard mean square deviations from the
average in each calculation window. The dots indicate the
numbers of calculated values in each of the windows
except for the windows with the number of points exceed
ing 100: 0–200 Ma (2833 values), 100–300 (474 values),
200–400 Ma (353 values), and 300–500 Ma (172 values). 
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The plot shows that the virtual dipole moment, the
presentday value of which is equal to 8 × 1022 Am2 [5, 21,
29], varied through time. For the last 2.5 Ga, the averaged
VDM values were maximal (7.16 ± 0.7 × 1022 Am2) and
minimal (1.9 ± 0.47 × 1022 Am2) at 1627.5 ± 2.5 and
2142.8 ± 9.7 Ma ago, respectively. As a whole, the
VDM distribution is characterized by a positive trend
from 3.7 × 1022 Am2 at 2.6 Ga ago to 5.8 × 1022 Am2 at
the present.
Against this background, there are local maximums
with centers in the Paleoproterozoic at 1800 Ma (the
Orosirian Period with an absolute value up to
5.8 × 1022 Am2 and a relative amplitude of approxi
mately 2 × 1022 Am2) and 1620 Ma (the Staterian
Period with an absolute value up to 7.2 × 1022 Am2 and
a relative amplitude of approximately 3 × 1022 Am2).
In the Mesoproterozoic, the maximums correspond to
1120 Ma (the Stenian Period with an absolute value up
to 5.7 × 1022 Am2 and a relative amplitude of approxi
mately 2 × 1022 Am2); in the Neoproterozoic, they are
recorded at 650 Ma (the Cryogenian Period with an
absolute value up to 4.4 × 1022 Am2 and a relative
amplitude of approximately 1 × 1022 Am2) and in the
Paleozoic at 340 Ma (the Serpukhovian Age of the
Carboniferous Period with an absolute value up to
6.6 × 1022 Am2 and a relative amplitude of approxi
mately 2 × 1022 Am2). Since 190 Ma, the VDM value
demonstrates an increase from 5.2 × 1022 to 8 × 1022
Am2 and is continuing to grow now. 
The abovementioned maximums alternate with
VDM minimums with centers corresponding to 2150
and 1700 Ma in the Paleoproterozoic (the Ryasanian
and Staterian periods with absolute values up to 1.9 ×
1022 and 4.2 × 1022 Am2, respectively), 1400 Ga in the
Mesoproterozoic (the Ectasian Period with an abso
lute value up to 3.2 × 1022 Am2), 800 Ma in the
Neoproterozoic (the Cryogenian Period with an abso
lute value up to 3.9 × 1022 Am2), 500 Ma in the Paleo
zoic (the Ayusockanian Age of the Cambrian Period
with an absolute value up to 3.5 × 1022 Am2), and 190 Ma
in the Mesozoic (the Sinemurian Age of the Jurassic
Period with an absolute value up to 5.1 × 1022 Am2).
The extreme parts of these maximums and minimums
are frequently characterized by complex patterns. 
It also follows from Fig. 2 that the fluctuations peri
ods (the intervals between the neighboring (both posi
tive and negative) extremums) range from 198 to 605 Ma
and their average value (for nine measurements) is
386 ± 45 Ma.
DISCUSSION
The calculations of the average VDM values by the
method of a moving average show that their temporal
distribution is regular with the directed linear VDM
growth (1.5 times) during the last 2.5 Ga with a decre
ment of 0.00084 × 1022 Am2/Ma. Against the back
ground of this linear trend, there are fluctuations with
the period estimated at the first approximation to be
390 Ma. This periodicity in the behavior of the main
magnetic field of the Earth corresponds by the value’s
order to the Wilson geological cyclicity [e.g., 3]. The
latter describes the cyclic formation and breakup of
Pangea in response to changes in the mantle’s convec
tion regime. Such largescale cyclicity is characterized
by a period of 400–500 Ma. Inasmuch as Pangea’s dis
persion was accompanied by the opening of secondary
oceans (the Atlantic, Indian, Arctic, Mediterranean,
and their predecessors), while the restoration of a sin
gle continent stimulated the closure of these oceanic
basins and, correspondingly, the growth of a primary
ocean with its transformation into the Panthalassa,
these megacycles may be identified with transitional
periods [3] between two or multicelled and single
celled structures of mantle convection.
The VDM value and that of the ancient magnetic
field intensity Hanc for the same age at a particular lat
itude correlate with each other, which allows the vir
tual dipole moment to be used for describing the
intensity of the main (dipole) part of the ancient mag
netic field. We characterize the corresponding values
as fractions of the recent magnetic field intensity Hrec,
the equatorial value of which is as high as 0.33 e
(26.3 Am/m) or 33000 nT [1]. The linear tendency for
the growth of the intensity of the geomagnetic field
dipole component at the equator for the last 2.5 Ga
may be estimated as corresponding to 3.46 nT/Ma.
Such fluctuations are reflected in the intensity val
ues lowered to 0.25 of Hrec in the period of 2.1–2.2 Ga
and to 0.55 of Hrec in the period of 1.7–1.73 Ga in the
Paleoproterozoic, to 0.4 of Hrec in the period of 1.35–
1.45 Ga in the Mesoproterozoic, to 0.5 of Hrec in the
period of 0.8–0.83 Ga in the Neoproterozoic, to 0.4 of
Hrec in the period of 0.48–0.51 Ga in the Paleozoic,
and to 0.63 of Hrec in the period of 0.17–0.21 Ga in the
Mesozoic. 
The significant (from >7 × 1022 to <2 × 1022 Am2)
variations in the averaged intensity of the dipole com
ponent of the earth’s magnetic field unequivocally
indicate that they should be taken into consideration
in modeling the physical processes of the earth’s evo
lution in the geological past and predicting them in the
future.
The revealed distribution (Fig. 2) considerably
specifies the available data from [8, 9, 22, 29, 43, 44,
and others] on the VDM variations through the Prot
erozoic and Phanerozoic eons.
CONCLUSIONS
The analysis of the updated database of digital
information on the virtual dipole moment reveals that
the VDM distribution is characterized by a positive
linear trend from 3.7 × 1022 to 5.8 × 1022 Am2 during
the last 2.6 Ga. Against the background of such a
trend, there are fluctuations with periodicity of
approximately 390 Ma.
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The VDM distribution obtained by the method of a
moving average substantially specifies the available
data on the behavior of the ancient geomagnetic field
through the Proterozoic and Phanerozoic eons and
may be taken into consideration in modeling the phys
ical processes in the development of the earth in the
geological past and predicting its ecological and ener
getic evolution in the future.
ACKNOWLEDGMENTS
This work was supported by project no. 38 in the
framework of the agreement between the Russian
Academy of Sciences and the Hungarian Academy of
Sciences for joint research.
REFERENCES
1. A. A. Logachev and V. P. Zakharov, Magnetosurvay
(Nedra, Moscow, 1979).
2. E. Thellier and O. Thellier, “On Intensity of Earth
Magnetic Field in the Historical and Geological Past,”
Izvestiya AN SSSR, No. 9, 1296–1331 (1959).
3. V. E. Khain and E. N. Khalilov, Circulation of Geody
namic Processes: Its Possible Nature (Nauchnyi Mir,
Moscow, 2009) [in Russian].
4. A. A. Shreider, Geomagnetic Studies of the Indian Ocean
(Nauka, Moscow, 2001) [in Russian].
5. A. A. Shreider, Al. A. Shreider, P. Varga, and K. Denis,
“Alteration of the Geomagnetic Dipole Within an Inter
val of Chrones C1M43,” Okeanologiya, 45, No. 5,
785–789 (2005).
6. A. A. Shreider, Al. A. Shreider, P. Varga, and K. Denis,
“Alteration of Geomagnetic Dipole Over Last 400 Mil
lions Years,” Okeanologiya, 48, No, 2, 271–275
(2008).
7. A. A. Shreider, Al. A. Shreider, P. Varga, and K. Denis,
“Variability of Virtual Dipole Moment in Phanero
zoic,” Okeanologiya, 51, No. 3, 537–541 (2011).
8. V. P. Shcherbakov, G. M. Solodovnikov, and N. K. Sycheva,
“Variability of Geomagnetic Dipole Over Last 400 Mil
lions of Years (Volcano Rocks),” Fizika Zemli, No. 2,
26–33 (2002).
9. V. P. Shcherbakov, N. K. Sycheva, and V. V. Shcherbak
ova, “Evolution of Earth Magnetic Moment in Geolog
ical Past,” Geophysicheskie Issledovaniya, 9, No. 2, 7–
24 (2008).
10. L. AlvaValdivia, A. Goguitchaichvili, and J. Urrutia
Fucugauchi, “Further Constraints for the PlioPleis
tocene Geomagnetic Field Strength: New Results from
the Los Òuxtlas Volcanic Field (Mexico),” Earth
Planet. Space, 53, 873–881 (2001).
11. A. Biggin, A. McCormik, and A. Roberts, “Paleointen
sity Database Updated and Upgraded,” EOS, 91,
No. 2, 15 (2010).
12. A. Biggin, G. Stirk, and C. Langeris, “The Intensity of
the Geomagnetic Field in the Late Archaean: New
Measurements and an Analysis of the Updated IAGA
Paleointensity Database,” Earth Planets Space, 61, 9–
22 (2009). 
13. H. Bohnel, C. Morales, L. Caballero, et al., “Variation
of RockMagnetic Parameters and Paleoinetsnities
Over a Single Holocene Lava Flow,” J. Geomag. Geo
electr., 49, 523–542 (1997). 
14. Borokpint. http://www.brk.adm.yar.ru/palmag/
index/html.
15. S. Coe, “The Determination of Paleointensities of the
Erath Magnetic Field with Emphasis on Mechanisms
Which Could Cause Non Ideal Behavior in Thellier
Method,” J. Geomag. Geoelectr., 19, 157–179 (1967). 
16. C. Denis, A. A. Schreider, P. Varga, J. Zavoti, “Despin
ning of the Earth Rotation in the Geological Past and
Geomagnetic Paleointensities,” J. of Geodynamics,
34, 667–685 (2002).
17. C. Denis, K. Rybicki, A. A. Schreider, et al., “Length of
the Day and Evolution of the Earth’s Core in the Geo
logical Past,” Astron. Nachr., 332, 24–35 (2011).
18. A. Goguitchaichvili, P. Camps, and J. Urrutia
Fucugauchi, “On the Features of the Geodinamo Fol
lowing Reversals and Excursions: By Absolute Geo
magnetic Intensity Data,” Phys. Earth Planet. Int.,
124, 81–93 (2000). 
19. F. Gradstein, J. Ogg, A. Smith, et al., A Geologic Time
Scale 2004 (Cambridge, 2006).
20. IAGA Paleointensity Database. http://www.isteem.
univmontp2.fr/PERSO/perrin/
21. J. Jacobs, “The Evolution of the Earth Core and Mag
netic Field,” Phys. Earth Planet. Int., 3, 513–518
(1970).
22. M. Juarez and L. Tauxe, “The Intensity of Time Aver
aged Geomagnetic Field: The Last 5 My,” Earth
Planet. Sci. Lett., 175, 169–180 (2000).
23. M. Macouin, J. Valet, and J. Besse, “LongTerm Evo
lution of the Geomagnetic Dipole Moment,” Phys.
Earth Planet. Int., 147, 239–246 (2004).
24. M. Macouin, J. Valet, J. Besse, et al., “Low Paleointen
sities Recorded in 1 to 2.4 Ga Proterozoic Dykes,
Superior Province, Canada,” Earth and Planet. Sci.
Lett., 213, 79–95 (2003).
25. J. Morales, A. Goguitchaichvili, and J. Urrutia
Fucugauchi, “A RockMagnetic and Paleointensity
Study of Some Mexican Volcanic Lava Flows during
the Latest Pleistocene to the Holocene,” Earth Planet.
Space, 53, 693–902 (2001). 
26. Y. Pan, M. Hill, R. Zhu, and J. Shaw, “Future Evidence
for Low Intensity of the Geomagnetic Field During the
Early Cretaceous Time: Using the Modified Shaw
Method and Microwave Technique,” Geophys. J. Int.,
157, 553–564 (2004).
27. M. Perrin and E. Schnepp, “IAGA Paleointensity
Database: Distribution and Quality of the Data Set,”
Phys. Earth and Planet. Inter., 147, 255–267 (2004).
28. G. Plenier, P. Camps, R. Coe, and M. Perrin, “Absolute
Paleointensity of Oligocene (28–30 Ma) Lava Flows
from the Kergelen Archipelago (Southern Indian
Ocean),” Geophys. J. Int., 154, 877–890 (2003).
29. P. Selkin and L. Tauxe, “LongTerm Variations in Pale
ointensity,” Phil. Trans. R. Soc. Lond., 358A, 1065–
1088 (2000).
30. J. Shaw, “A New Method of Determining the Magni
tude of Paleomagnetic Field. Application to Five His
OCEANOLOGY  Vol. 52  No. 4  2012
VIRTUAL DIPOLE MOMENT VARIATIONS 549
toric Lavas and Five Archeological Samples,” Geo
phys. J. R. Astron. Soc., 39, 133–141 (1974).
31. P. Smith, “The Intensity of the Tertiary Geomagnetic
Field,” Geophys. J. R. Astron. Soc., 12, 239–258
(1967).
32. A. Taki, H. Shibuya, A. Yoshihara, and Y. Hamano,
“Paleointensity Measurements of Piroclastic Flow
Deposits CoBorn with Widespread Tephras in Kyushu
Island, Japan,” Physics of the Earth and Planet. Int.,
133, 159–179 (2002).
33. H. Tanaka and M. Kono, “Paleointensities from a Cre
taceous Basalt Platform in Inner Mongolia, Northeast
ern China,” Earth and Planet. Sci. Lett., 133, 147–157
(2002).
34. J. Tarduno and R. Cotterell, “Dipole Strength and
Variation of the TimeAveraged Reversing and Nonre
versing Geodynamo Based on Thellier Analyses of Sin
gle Plagioclase Crystals,” J. Geophys. Res., 110,
B11101, 10 (2005).
35. A. Tarduno, R. Cotterell, and A. Smirnov, “The Paleo
magnetism of Single Silicate Crystals: Recording Geo
magnetic Field Strange during Mixed Polarity Inter
vals, Superchrons, and Inner Core Growth,” Rev. Geo
phys., 41, 1–31 (2006). 
36. E. Tema, A. Goguitchaichviili, and P. Camps,
“Archeointensiti Determinations from Italy: New Data
and the Earth Magnetic Field Strength Variations over
the Past Three Millennia,” Geophys. J. Int., 180, 596–
608 (2010). 
37. J. Valet, “Time Variations in Geomagnetic Intensity,”
Reviews in Geophysics, 41, No. 1, 4.1–4.44 (2003).
38. P. Varga, Z. Bus, B. Süle, and A. Schreider, “Variation
in the Rotation Rate of the Earth and the Geomagnetic
Field,” Acta Geodaetica et Geophysica Hungarica, 42,
No. 4, 433–448 (2007).
39. P. Varga, Z. Bus, B. Süle, et al., “Correspondence of
EOP and Geomagnetic Field,” Systems de Reference
TemsEspace, UMR8630/CNRS, 226–227 (2008). 
40. P. Varga, B. Sule, and A. A. Schreider, “ShortTerm
(Dedicadal) and LongTerm (over Geological History)
Correspondence of Length of Day and Geomagnetic
Field,” Geophysical Research Abstracts, 8, 02230
(2006). ref: 16077962/gra/EGU06A02230.
41. P. Varga, J. Zavoti, C. Denis, and A. A. Schreider,
“Complex Interpretation of the Earth Despinning His
tory,” in Vistas for Geodesy in the New Millennium
(SpringerVerlag, Berlin, 2002) pp. 417–422.
42. R. Zhu, K. Hoffman, S. Nomande, et al., “Geomag
netic Paleointensity and Direct Age Determination of
the ISEA (M0r) Chron,” Earth and Planet. Sci. Lett.,
217, 285–295 (2004a).
43. R. Zhu, K. Hoffman, Y. Pan, et al., “Evidence for Weak
Geomagnetic Field Intensity Prior to the Cretaceous
Normal Superchron,” Earth and Planet. Sci. Lett.,
136, 187–199 (2003).
44. R. Zhu, Y. Pan, J. Shaw, et al., “Geomagnetic Paleoin
tensity Just Prior to the Cretaceous Normal Super
chron,” Phys. Earth and Planet. Int., 128, 207–222
(2001).
45. R. Zhu, C. Lob, R. Ruiping Shi, G. Shi, et al., “Palae
ointensities Determined from the Middle Cretaceous
Basalt in Liaoning Province, Northeastern China,”
Phys. Earth and Planet. Int., 142, 49–59 (2004b).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
